Abstract. The present study was undertaken to determine changes in circulating levels of immunoreactive (ir)-inhibin, FSH, LH, estradiol-17β, progesterone, and testosterone during the ovulatory cycle of Shao ducks. Serial blood samples were taken from two groups of laying ducks for measurement of ir-inhibin, gonadotropins, and steroid hormones at 2 h intervals for 24 h. Plasma concentrations of ir-inhibin did not change significantly during the ovulatory cycle. The highest level of plasma ir-inhibin was observed 6 h prior to ovulation, which coincided with a decreased level of plasma FSH. One FSH surge was found 12 h after ovulation. Estradiol-17β, progesterone, and testosterone were also determined during the ovulatory cycle. Two peak values were detected for estradiol-17β 8 h before ovulation and 4 h after ovulation, while progesterone started to increase 4 h before ovulation and reached a peak at ovulation. The highest level of plasma testosterone was detected around the time of ovulation. These results suggest that inhibin may be involved in the control of FSH secretion during the ovulatory cycle. In addition, both LH and progesterone are of importance in the ovulation process of Shao ducks.
Although several studies have demonstrated that no significant peak in plasma immunoreactive (ir)-inhibin has been detected during the ovulatory cycle [7, 8] , there is accumulating evidence of the production, presence, and effect of inhibin related protein in the gonads of chickens. The existence of bioactive inhibin in testis preparations [9] and ovarian granulosa cells [10, 11] has been observed. The effect of induction of ovarian regression [12] and removal of ovarian follicles [8] on plasma irinhibin indicate that the ovary is the major source of inhibin in the hen. In addition, a significant rise in FSH with no change in LH followed the removal of the preovulatory follicles [8] , confirming that the chicken preovulatory follicles are a primary source of inhibin. Furthermore, dynamic changes in inhibin A and activin A, monitored by two-site enzyme-linked immunosorbent assay, implicate regulatory roles for these proteins during preovulatory follicular development in the hen. However, changes in the concentrations of irinhibin, FSH, LH, and steroid hormones in ducks are poorly documented. Therefore, in the present study, we investigated changes in ir-inhibin, gonadotropins, and steroid hormones during the ovulatory cycle of ducks.
Materials and Methods

Animals and experimental design
Shao ducks (local Chinese strain) were used in the present study. The ducks were in the first year of production, laying eggs daily, and were housed individually in cages. The temperature in the room was kept constant (20-22 C) . Feed and water were available ad libitum. The photoperiod consisted of 24 h with the lights on. Before the experiments, the oviposition times of each duck were inspected at 2 h intervals, and it was found that all ducks laid e g g s b e t w e e n 0 10 0 an d 0 50 0 . D u r i n g t h e experiments, the time of oviposition was recorded every 30 min. Ovulation was assumed to occur within 10-20 min after an egg had been laid [13] .
Serial blood samples of 0.5 ml were drawn from two groups of ducks (n=5 for the first group and n= 7 for the second group) at 2 h intervals, from 1900 h through 1700 h the next day. For the frequent blood sampling used in this study, a brachial vein cannula was inserted 48 h before initiation of blood sampling. Plasma was frozen at -20 C and subsequently assayed for hormones. Samples from the first group were assayed for ir-inhibin, FSH, and LH. Samples from the second group were assayed for estradiol-17β, progesterone, and testosterone.
Radioimmunoassay (RIA) of ir-inhibin, FSH, LH, estradiol-17β, progesterone, and testosterone
Concentrations of ir-inhibin in plasma were measured in triplicate using rabbit antiserum against bovine inhibin (TNDH-1) and 125 I-labeled 32-kDa bovine inhibin, as described previously [14] , and validated for use in ducks [15] . Results were expressed in terms of 32-kDa bovine inhibin. The intra-and inter-assay coefficients of variation were 5.9 and 8.5%, respectively.
H i g h l y p u r i f ie d c h i c k e n F S H ( A G C Q S Q 111232D) and anti-chicken rabbit FSH serum were kindly supplied by Dr. S. Ishii (Waseda University, Tokyo, Japan). The FSH radioimmunoassay was modified from that originally described by Sakai and Ishii [16] . Iodination was accomplished using the chloramine-T procedure. The chicken gonadotropin standard fraction (AGC112B) was used as the standard. The results were expressed in terms of chicken FSH (AGCQSQ 111232D). The intra-and inter-assay coefficients of variation were 6.0 and 7.4%, respectively. Plasma concentrations of LH were determined by a double-antibody RIA system using 125 I-labeled radioligands and a chicken LH preparation (AGMS1122F, provided by Dr. S. Ishii, Waseda University, Japan), as described previously [17] . Antiserum against chicken LH (HAC-CH27-01RBP75) was kindly provided by Dr. K. Wakabayashi (Gunma University, Japan). The r e s u l t s w e r e e x p r e s s e d i n t e r m s o f n g o f AGMS1122F LH per milliliter of plasma. The intraand inter-assay coefficients of variation were 5.6 and 8.0%, respectively. P l a s m a c o n c e n t r a t i o n s o f e s t r a d i o l -1 7 β , progesterone, and testosterone were determined using commercially available RIA kits (Shanghai Bioproducts Inc., Shanghai, China). The ether extracts from each plasma sample were dissolved in 2.5 ml 0.01 M phosphate-buffered saline (pH 7.4) containing 0.1% gelatin. The duplicate aliquots of the extracts were incubated overnight at 4 C with 10000 CPM of the appropriate 3 H-steroid and antiserum. The bound and free steroids were separated by adding dextran-coated charcoal. After centrifugation, the bound fraction was counted in a liquid scintillation counter. The mean within-assay coefficient of variation was 5.6% for estradiol-17β, 6.0% for progesterone, and 6.9% for testosterone.
Statistics
Values are presented as means ± SEM. Statistical differences were assessed by analysis of the variances followed by Duncan's multiple range test (General Linear Models, SAS) [18] . Canonical correlation analysis was performed to measure correlation between inhibin and FSH, and statistical significance was obtained using Wilks' Lambda test. A probability value (P) of less than 0.05 was considered to be significant.
Results
Plasma concentrations of ir-inhibin, FSH, and LH during the ovulation cycle of ducks
Concentrations of ir-inhibin, FSH, and LH in the plasma during the ovulatory cycle of the ducks are shown in Fig. 1 . Changes in plasma ir-inhibin varied insignificantly throughout the ovulatory cycle of the ducks, except for one peak 6 h before ovulation. Although a negative correlation between ir-inhibin and FSH during the ovulatory cycle was not clear (r=-2, P=0.1), inhibin increased, reaching a peak level 6 h before ovulation, coincided with a decreasing concentration of FSH. The lowest level of plasma FSH was observed 2 h after the highest value of plasma ir-inhibin, and a significant increase in the concentration of plasma FSH was observed 12 h after ovulation. The plasma concentration of LH rose to a high significant peak 2 h before ovulation. Thereafter, LH levels rapidly declined to a basal level and then increased to a small peak 8 h after ovulation.
Plasma concentrations of estradiol-17β, progesterone and testosterone, during the ovulatory cycle of ducks
P l a s m a c o n c e n t r a t i on s o f e s t r a d i o l -1 7 β , progesterone, and testosterone during the ovulatory cycle of the ducks are shown in Fig. 2 . The increases in the plasma concentration of estradiol-17β were detected 8 h before ovulation and 4 h after ovulation. Plasma concentrations of progesterone increased starting 4 h before ovulation, reaching a peak value at ovulation. There was another peak of progesterone 12 h after ovulation. The highest value for testosterone in the plasma throughout the ovulatory cycle was around the time of ovulation.
Discussion
In mammals, inhibin, a dimeric glycoprotein hormone, is produced primarily by the follicular granulosa cells of the female [19] . Early studies [10, 11] demonstrated that granulosa cell condition [12] provided direct evidence that the granulosa cells of the four largest follicles of laying hen are the primary source of inhibin in the chicken. Our findings that the plasma FSH peak occurred 12 h before ovulation are in agreement with the reports of Scanes et al. [6] , and in contrast to the report of Vanmonfort et al. [7] .
In agreement with the findings of previous studies on the ovulatory cycle of the hen [7, 8] , concentrations of ir-inhibin in the plasma of the Shao ducks showed no significant changes throughout the ovulatory cycle, except for one peak that was observed 6 h before ovulation/oviposition or 4 h prior to the preovulatory surge of LH. The preovulatory LH surge has been proposed to have an inhibitory effect on the largest preovulatory follicle capacity to synthesize inhibin [20, 21] . The highest mean plasma ir-inhibin value, which, we observed 6 h before ovulation/oviposition, may represent a physiologically meaningful event. In mammalian species [22] [23] [24] [25] , as a precise indicator of follicular recruitment, inhibin markedly increases in the follicular phase, and confers a negative relationship with respect to plasma FSH during the estrous cycle. In the present study, although the negative relationship between inhibin and FSH in plasma was not significant (r=-2, P= 0.1), the results demonstrated that the highest level of plasma ir-inhibin was coincided with the lowest level of plasma FSH. A defined peak of inhibin may not occur because of the hierarchical follicles in the ovary and compression of the ovulatory cycle of the duck into 24 h, as compared with longer cycles observed in mammalian species. The minimal changes of plasma ir-inhibin have indicated that inhibin may act as a more long-term regulator of FSH levels as observed in sheep [26] .
T h e a n t i b o d y u s e d i n t h i s i n h i b i n radioimmunoassay has a high degree of crossreactivity to the pro-αC and α subunits of inhibin [27, 28] . Our measurements of the inhibin in duck plasma may include the free α subunit and biologically active in tact inhibin dimmer. Therefore, the degree of contribution of the free α subunits cannot be assessed. In hen, the small preovulatory follicles produce the primary ovarian inhibin α subunit [29] , which may play an autocrine or paracrine role in hen preovulatory follicles. The inhibin α subunit has been shown to block the binding of FSH to its receptor on ovarian granulosa cells [30] , and to be a gonadal tumor-suppressing protein [31] . Furthermore, Chen and Johnson [20] found that the expression of inhibin/activin βA, but not α subunit mRNA, was developmentally regulated in the granulosa layer of the two largest follicles during the hen ovulatory cycle. The detectable ir-inhibin in the present study may reveal a big part of the bioactive inhibin dimer, which is mainly produced by the preovulatory F1 follicle [21] . Using validated two-site enzymelinked immunosorbent assay, Lovell et al. [21] found that the inhibin A content of F1 granulosa was maximal 12 h before ovulation, and that it had fallen approximately 6-fold within 8 h. In ducks, we found that ir-inhibin was highest 6 h before ovulation, and then gradually decreased towards ovulation.
Reprod uctive hormones are involved in regulation of ovulation. The preovulatory LH surge is required for ovulation to occur. In the present study, the LH surge occurred 2 h prior to o v u l a t i o n . P r e v i o u s r e p o r t s s h o w e d t h a t preovulatory LH surge occurs 4-7 h before ovulation in other strains of the duck [13] . We also detected an additional small peak of LH 8 h after ovulation, consistent with the report of Etches and Cheng [4] in hen. The preovulatory progesterone peak indicates a positive feedback mechanism between progesterone and LH preovulatory surges in the duck, as previously reported [32] .
In summary, this study demonstrated that inhibin may contribute to the regulation of FSH secretion during the ovulatory cycle in ducks. In addition, both LH and progesterone may be involved in the ovulatory process of ducks.
